Animals have long served as monitors and sentinels of environmental hazards. By Roman times, coal miners were aware of the great sensitivity of birds to the poisonous action of carbon monoxide and took them underground to warn of eminent hazard. As recently as 1916, the U.S. Bureau of Mines recommended canaries in particular for this purpose (1) . In 1962, Rachel Carson wrote, "our fate is connected with the animals" (2) . The wildlife-human connection was an integral part of the discussions in three of six Wingspread Conferences organized by Theo Colborn between 1991 and 1996 (3-5) that focused upon the effects of environmental contaminants on the development and function of the endocrine, reproductive, nervous, and immune systems. Both these visionaries recognized that humans and animals share local environments, air, water, and food chains, and that the molecular, biochemical, and cellular processes responsible for the pathobiologic response to toxic agents are common among most vertebrate species.
While studies of animals under controlled laboratory conditions are very useful for determining dose-response relationships and the molecular mechanisms of toxicity, they tell us nothing about integrated biologic responses to chronic exposure to real-world concentrations of mixtures of environmental chemicals. Wildlife not only provide information on the types, characteristics, amounts, and bioavailability of pollutants in an environment, but also provide important information on the interactive effects of these environmental chemicals and the role of other environmental factors in the final toxicologic response. Such data provide the basis for hypothesis generation.
In 1972, the U.S. and Canadian governments signed the Great Lakes Water Quality Agreement (6) , which contains provisions for the protection of human health and for monitoring trends in the concentrations and effects of persistent toxic substances. In 1989, the Science Advisory Board to the International Joint Commission (IJC) recommended that the parties to the Canada-U.S. Great Lakes Water Quality Agreement of 1972 use the results of studies on health effects in wildlife populations as a basis for decisions and policies regarding the effects of chemical exposures on human populations, pending the availability of more information on human health.
Here I present the state of knowledge gained from wildlife monitoring and research programs in relation to the types of adverse health outcomes identified in Health Canada's reports (7) on the 17 Canadian Areas of Concern (AOCs) and the recent literature. The majority of observations of health effects in individual animals reported herein were made in small samples (<20 individuals), collected on a single day, from a restricted number of locations, only some of which were AOCs. They are a conservative estimate of the incidence and severity of specific adverse health outcomes selected on the basis that they may be linked to environmental contaminants (8) .
Assessing the Health of Humans versus Wildlife
In Canada, the births, congenital anomalies, hospital admissions, diagnosed cancers, and causes of death of humans are recorded. Populations at risk can be questioned or examined when required. Many of these data are archived in publicly funded centralized databases, and data for defined geographic areas can be retrieved for epidemiologic studies. Such data were used by Health Canada to prepare the reports on the health and well-being of people living in communities within and around the 17 AOCs (7).
In contrast, the births of free-living wildlife go unrecorded. No clinical assessment of their vitality, weight, sex, freedom from deformities, etc., is made or recorded. Diseased, reproductively incapable, or otherwise dysfunctional individuals in wildlife populations do not visit doctors or hospitals for treatment of their complaints. If, or when, such individuals die, there is no record. Very few are found and thoroughly autopsied, and most of those represent highly visible, localized epidemics (9) . Hence, morbidity and mortality are rarely detected and grossly underestimated in wildlife populations. Therefore we greatly underestimate the occurrence, prevalence, and severity of health effects in any wildlife population we study; the individuals we see or study are the survivors.
Wildlife biologists consider disease as "any impairment that interferes with or modifies the performance of normal
There is no existing formal, long-term program for gathering evidence of the incidence and severity of the health effects of toxic substances in wildlife. However, research-based studies of bald eagles, herring gulls, night herons, tree swallows, snapping turtles, mink, and beluga over the past 30 years have revealed a broad spectrum of health effects in the Great Lakes-St. Lawrence basin including thyroid and other endocrine disorders, metabolic diseases, altered immune function, reproductive impairment, developmental toxicity, genotoxicity, and cancer. These effects occurred most often and were most severe in the most contaminated sites (Green Bay, Saginaw Bay, Lake Ontario, the St. Lawrence estuary, and more recently, Lake Erie), some of which are International Joint Commission-designated Areas of Concern (AOCs). In all cases, a strong argument can be made for an environmental etiology, and in many cases for the involvement of persistent organic pollutants, particularly polychlorinated biphenyls, polychlorinated dibenzo-p-dioxins, and polycyclic aromatic hydrocarbons. For some, the association with particular contaminants is consistent with controlled studies, and in some, dose-response relationships were documented. The biologic significance of these health impairments to the affected species is currently unclear, but they resemble those observed with increased incidence in human subpopulations in one or more AOCs. Their focus is on functional impairment and recognition of the multifactorial nature of disease rather than on death. Fish-eating wildlife, like humans, are terminal members of the fish-eating guild of the Great Lakes ecosystem. Unlike most human populations residing in the Great Lakes basin, their diet is composed almost entirely of fish and components of the Great Lakes food chain. Health of humans is also affected by occupation, life style, and heredity. In the case of wildlife, occupation reflects the ecologic niche of a species, and life style is reflected in prey choice. In contrast to modern human populations, populations of free-living wildlife are panmictic and unaffected by ethnicity, religious practices, and long-distance immigration, thereby reducing the relative importance of heredity in wildlife disease. This shifts the focus of the wildlife biologist to diet and the environment.
The process of environmental disease is a continuum from the onset of exposure to the stressor(s) through precursor or compensatory states (impairments) that precede the clinical onset of sicknesses, or dysfunctions that culminate in irreversible effects or death. The latter lead to population-level consequences (alterations in abundance and distribution, age and sex ratios, and genetic diversity) and potential extinction of the local population. Generally, for the sake of economy and rapidity, wildlife investigations focus on individuals in their natural environment in the belief that the well-being of the population can be assessed at any point in time by determining the pathophysiologic and functional status of its individual members. Monitoring for the underlying impairment of physiologic (molecular, biochemical, and cellular) and behavioral responses is believed to provide an early warning (before the onset of disability and frank disease), an understanding of the mechanisms by which health is impaired, and a basis for the development of causeeffect linkages (10) (11) (12) . However, demographic measures (numbers, survival and recruitment rates, age structure, sex ratios) are also needed to a) confirm and build linkages with biochemical and functional measures and develop predictive modeling capacity, b) identify populations that are detrimentally affected, and c) ensure that we do not miss the adverse cumulative impacts of multiple stressors (13) . Currently, demographic data are collected only for those species harvested or considered to be at risk.
Potential Wildlife Sentinels for the Great Lakes-St. Lawrence Basin
Wildlife are highly mobile and generally widely dispersed. Therefore, health assessments are limited to those stages of the life cycle when individuals are relatively immobile (embryos of birds and turtles, flightless young) and aggregated (adult and prefledgling colony-nesting birds, nesting turtles). Each life stage differs in the timing, type, and degree of exposure to contaminants (14) . Unlike the mammalian fetus, the eggs of birds, turtles, and other oviparous vertebrates are an isolated and independent metabolic system (14) . Lipophilic persistent bioaccumulative contaminants such as 1,1-dichloro-2,2-bis(p-chlorophenyl)ethylene (DDE), polychlorinated biphenyls (PCBs), polychlorinated dibenzo-p-dioxins (PCDDs), polychlorinated dibenzofurans (PCDFs) are bioconcentrated in egg-yolk lipoproteins by orders of magnitude over the ambient concentrations in the female's diet and are part of the embryo's milieu from fertilization to hatching (14) . Populations of some species in the Great Lakes-St. Lawrence ecosystem are such that only addled eggs and prefledgling blood and feathers (bald eagle, Caspian tern) or carcasses of trapped (mink and otter) or stranded (beluga) individuals can be used for health assessments, limiting the biomarkers and functions that can be measured.
Wildlife species differ in their distribution, and their migratory, food, and reproductive habits, which in turn influence their ease of study and value as sentinels. The mobility of fish-eating birds makes them regional or lakewide indicators. The bald eagle (Haliaeetus leucocephalis) is a long-lived, yearround resident of the entire Great Lakes Basin, and like humans, a tertiary predator in the Great Lakes food web (15) . As the symbol of the United States, this species is one of the most studied in North America. It was the first species in which toxicologic effects of persistent toxic substances were observed (15) , and as such, has been repeatedly recommended by the IJC as an ecosystem monitor of Great Lakes water quality. It has recently been adopted as the primary wildlife biosentinel by the Michigan Department of Environmental Quality for their Clean Michigan Initiative. This is the only wildlife species in which we can count and monitor the reproductive outcomes of all the pairs breeding on Great Lakes shorelines. The breeding population of this solitary nester has been censused aerially since the early 1960s, and data exist for many breeding areas for over 35 years (15) . Efforts are currently under way to develop a battery of blood-based biomarkers to assess the health of 6-to 12-week-old nestlings. The herring gull (Larus argentatus) is also a year-round resident and an opportunistic fish-eater that has been extensively studied throughout the Great Lakes since the mid-1960s (16) . In 1974, the Canadian Wildlife Service initiated a program to monitor persistent lipophilic contaminants in the eggs of this colonial species in the Great Lakes (17) . This ongoing program has identified new contaminants and their sources, geographic and temporal trends, factors that regulate contaminant bioavailability, dynamics, and accumulation, and provided a measure of the effectiveness of remedial measures (16, 17) . Many aspects of the health of adults of this long-lived species have been assessed throughout the basin over the past 25 years (18) , and more recently, a suite of biomarkers has been applied to prefledglings (19) . The black-crowned night heron (Nycticorax nycticorax) was chosen by the U.S. Fish and Wildlife Service as its estuarine and freshwater sentinel for the nationwide Biomonitoring of Environmental Status and Trends Program. Considerable work has gone into the development of biochemical markers in pipping embryos (20, 21) , and efforts are currently under way by Canadian researchers to apply some of the biomarkers developed for prefledgling herring gulls to this species. The great blue heron (Ardea herodias) has been adopted by the Quebec Region of the Canadian Wildlife Service as a biosentinel for the condition of the St. Lawrence River, using eggs and plasma of prefledglings (22) . Both heron species are migratory, colonial, and feed in shoreline wetlands. With the banning of 1,1,1-trichloro-2,2-bis(p-chlorophenyl)ethane (DDT) in the Great Lakes basin in the 1970s, the population of the double-crested cormorant (Phalacrocorax auritus) has increased from a low of less than 100 pairs in 1970 to approximately 50,000 pairs in the 1990s (23) . This species captures its prey by underwater pursuit and therefore has greater access to all species of forage fish at all depths. This species has been monitored for developmental abnormalities (24-27) but has not been used extensively for biomarker studies. The population biology and reproductive success of the Caspian tern (Sterna caspia) have been extensively studied in Lakes Ontario, Huron, and Michigan (25, 28, 29) . Dead eggs and live young have been assessed for the incidence of developmental abnormalities (25, 28) , and immune and thyroid function of prefledglings have been assessed in colonies in the lower lakes (19, 30) .
Three species are particularly effective indicators of local contamination. The snapping turtle (Chelydra serpentina) is an omnivorous, very long-lived reptile that commonly inhabits wetlands on Great Lakes shorelines (with the exception of the north shore of Lake Superior) (31) . It has a very limited home range throughout the year. A very successful protocol has been developed for collection and artificial incubation of eggs and assessment of hatchlings and congenital abnormalities (31, 32) . Efforts should be made to develop methods to assess the growth and a suite of biomarkers in hatchlings, and to collect blood samples from adults for biomarker studies. Mink (Mustela vison) and river otter (Lutra canadensis) are distributed throughout the Great Lakes basin. Their diet provides an integrated exposure to contaminants in shoreline wetlands and tributaries (33, 34) . The semi-domesticated ranch mink is the most sensitive of mammalian species to polybrominated biphenyls, hexachlorobenzene, and 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) evaluated to date (33, 35) . In addition to salvaging carcasses from trappers for contaminant burden analysis, the abundance (in relation to trapping effort), age structure (36) , and morphology of the baculum (37) of the trapped mink and otter populations should be determined. The migratory and short-lived tree swallow (Tachycineta bicolor) feeds on emergent insects over wetlands close to its nest (38) . The residue content of emergent insects reflects the bioavailability of contaminants in the sediments and the transfer of these contaminants to terrestrial food chains. Considerable effort has been put into assessing the usefulness of a suite of biomarkers in nestlings of this species. Nesting colonies can be created where desired by erecting suitable nestboxes.
The health of beluga whales (Delphinapterus leucas) reflects the risks associated with life in the polluted St. Lawrence River and estuary downstream from the Great Lakes. Beluga reach sexual maturity between 5 and 10 years of age, and individuals live as long as 30 years. Calves receive nourishment solely via mother's milk, which is very high in lipids, for a period of 20 months. An epidemiologic study is ongoing of this isolated, endangered population, based on postmortem examinations of stranded individuals. It is assumed that the autopsied animals represent an unbiased sample of the total stranded animals and are representative of the population in terms of causes and extent of mortality (39) (40) (41) .
Alterations in Endocrine Function

Goiter and Thyroid Economy
The majority of adult herring gulls collected from colonies in the Great Lakes from 1974 to 1983 had enlarged thyroids (goiter) relative to those from a coastal marine reference site (42) . Their thyroids were microfollicular and frequently hyperplastic. Collectively, the Lake Erie collections had the greatest thyroid mass, the highest prevalence of epithelial hyperplasia, and the smallest follicle diameters and epithelial areas of the five lakes. The majority of adult gulls collected from 11 Great Lakes colonies in the early 1990s also suffered from goiter (43) , which was most severe in the Lake Erie colonies. However, thyroid mass and the incidence of microfollicular hyperplasia decreased between the 1980s and 1990s (43, 44) . The gulls collected in the early 1990s were also hypothyroxinemic (43) relative to those from the coastal and freshwater reference sites. Plasma thyroxine concentrations were 71% lower in gulls from Middle Island in Lake Erie. The decreased thyroxine concentrations were associated with ortho-substituted PCBs but not with TCDD or TCDD-like PCBs, polycyclic aromatic hydrocarbons (PAHs), DDE, or other organochlorine insecticides (43) .
Moccia et al. (45) reported that salmon (Oncorhynchus sp.) from Lake Erie had the most severe thyroid pathology and highest goiter frequency of all Great Lakes salmon collected from 1976 to 1977. This interspecies correspondence is consistent with the hypothesis that a forage fish-borne factor was responsible for the thyroid abnormalities in both gulls and salmon. The hypothesis that the tissues of Great Lakes fish contain thyrotoxic agents has been supported by two independent studies in which thyroid dysfunction occurred in rats fed salmon from the Great Lakes but not in controls fed salmon from the Pacific Ocean (46, 47) . As recently as 1987, the most common thyroid disease in residents of Michigan was endemic goiter not goiters due to iodine deficiency (48) .
Hypothalamo-Pituitary-Adrenal Axis
Activation of the hypothalamo-pituitaryadrenal (HPA) axis in response to environmental stressors results in corticosterone production, which triggers important adaptive physiologic changes in intermediary metabolism, growth, and immune function. The basal corticosterone concentrations in plasma of near-term embryos of Great Lakes herring gulls collected from five colonies in 1997 were negatively correlated with the concentrations of PCBs, PCDDs, and PCDFs in their yolk sacs (49) .
Adrenal anomalies were highly prevalent in St. Lawrence beluga, including hyperplasia and nodular hyperplasia of the cortex, and cortical cysts filled with cortisol-rich fluid (50) . The relative importance of age, stress, and adrenotoxic contaminants in the etiology of these lesions is unknown.
Metabolic Diseases
Exposure to environmental chemicals may result in metabolic derangements that detrimentally alter synthetic or degradative processes or that deplete energy sources.
Alterations in Glucose Metabolism
Normal levels of glucose, the primary energy currency used by most tissues, are the result of a finely balanced system of interactions of hormones originating in the pituitary, pancreas, adrenals, and thyroid. Diabetes is a disorder of glucose metabolism resulting from an absolute or relative deficiency of the pancreatic hormone insulin. Diabetes has been reported in virtually all laboratory and domestic mammals, but is a clinical rarity in birds (51) . Birds are also very resistant to the experimental manipulations that cause the onset of this condition in other vertebrates (51, 52) . Normal fasting blood glucose concentrations in birds are 1.5-3 times those of fasting mammals and are maintained more or less constant regardless of dietary levels or feeding frequency (51) . Glucagon is the dominant pancreatic hormone in birds, favoring catabolic or retrieval reactions that assure the adequate availability of energy substrates to sustain a high metabolic rate under stressful and diverse metabolic demands (51) . A variety of fish-eating and carnivorous birds have been shown to be glucose-intolerant due to the near absence of glucokinase, the enzyme responsible for hepatic clearance of glucose (53) . Adult Great Lakes herring gulls are mildly hyperglycemic relative to reference sites (43) This hyperglycemia is not associated with body condition or stress.
Intermediary Metabolism
The activity of phosphoenolpyruvate carboxykinase (PEPCK) and malic enzyme, two intermediary metabolic enzymes, is regulated, at least in part, by corticosterone released from the HPA axis. PEPCK is a key regulatory enzyme in the gluconeogenic pathway. Malic enzyme is a critical provider of NADH for fatty acid synthesis in birds. The activities of these enzymes in tissues of near-term embryos of Great Lakes herring gulls collected from five colonies in 1997 were low relative to those from the reference site and inversely correlated with the concentrations of PCDDs and PCDFs in their yolk sacs (49) .
Wasting
Wasting, characterized by loss of body mass and a voluntary decrease in food intake, is a well-documented symptom of TCDD toxicity in several species of mammals (54, 55) . In rats, TCDD inhibits PEPCK and several other important gluconeogenic enzymes at doses in the same range as those that induce appetite suppression and mass loss (56) (57) (58) .
In some tern colonies at Great Lakes sites highly contaminated with PCBs, some chicks fed and attended by their parents grow normally for 10-14 days, then begin to waste, loosing their muscle mass. In September Environmental Health Perspectives • VOLUME 109 | SUPPLEMENT 6 | December 2001 VOLUME 109 | SUPPLEMENT 6 | December 2001 • Environmental Health Perspectives 1986, a 100-year flood event mobilized large quantities of sediment-associated PCBs from the Saginaw River. In the years that followed, the reproduction of Caspian terns on the confined disposal facility near the river's mouth collapsed, then slowly recovered (28) . No chicks wasted in 1986, but 67% did so in 1987. In the period from 1987 to 1991, 22% of all chicks hatched wasted, and wasting was thought to be responsible for the deaths of 45% of all chicks found dead. Forster's tern chicks on Kidney Island at the mouth of the PCB-contaminated Fox River in Green Bay wasted in 1978, 1987, and 1988 (59-61) . In 1988, 42% of the young were found dead near the nest, 57% of which appeared to have wasted (61) . Caspian tern and herring gull chicks wasted in Saginaw Bay in 1992 (19) .
The observation of decreased basal corticosterone concentrations and PEPCK and malic enzyme activities in near-term herring gull embryos from the Great Lakes collected in 1997 (49) are consistent with the possibility that their basal corticosterone levels are insufficient to induce normal activities of these key intermediary metabolic enzymes. The sensitivity of the HPA axis and these important intermediary metabolic enzymes to PCBs, PCDDs/PCDFs may be pivotal in the alterations in gluconeogenic or lipogenic activity that result in wasting. Wasting was also observed in adult ranch mink fed a diet containing carp (Cyprinus carpio) collected from Saginaw Bay carp in 1988 (35) .
Porphyria
In susceptible species, chronic dietary exposure to some chlorinated contaminants leads to inhibition of specific enzymes in the heme biosynthetic pathway, resulting in the accumulation of uroporphyrin and other highly carboxylated porphyrins (HCPs). Surveys conducted in 1974 and the early 1980s and 1990s revealed that the livers of varying proportions of adult herring gulls from colonies in Lakes Ontario, Erie, Huron, Michigan, and Superior contained elevated concentrations of HCPs (43, 62) . Porphyria was most severe in gulls from Green Bay, Saginaw Bay, and Lake Ontario colonies. There was a highly significant decrease in the HCP concentrations in the livers of gulls from Scotch Bonnet Island in Lake Ontario between 1974 and 1991 (44) .
In 1972-1973 and the early 1990s, only gull chicks from Lake Ontario colonies had elevated concentrations of HCPs (43, 63) . In tree swallow nestlings collected from five colonies in southern Ontario in 1993, those from Hamilton Harbour and Toronto Island contained high levels of HCPs relative to those from the reference site (38) . The severity of the porphyria in nestling swallows from Lake Ontario in the early 1990s was greater than that seen in adult or prefledgling Lake Ontario herring gulls; the concentration in the liver of one swallow nestling from Hamilton Harbour is the highest concentration recorded for either species to date. These data suggest that significant quantities of porphyrogenic contaminants in the sediments in these two locations are transferred to terrestrial food chains via emergent insects. Concentrations of HCPs in the livers of hatchling snapping turtles collected in 1991 from a marsh on Lake Ontario were low and did not differ from those from the reference site (32) . HCP concentrations were not elevated in the livers of 10 stranded St. Lawrence beluga (64) . The degree of porphyria we observed in wildlife species is definitely subclinical in terms of human medicine, and unlikely to be reported.
There was a high degree of correlation between the HCP concentration in a gull's liver and the ability of an extract from that liver to induce porphyrin production in chick embryo hepatocytes in vitro (65) . There was a high correlation between the HCP concentration in a gull's liver and the PCB concentration in its liver, particularly of the mono-ortho-substituted PCB congeners 105 and 118. Other in vitro studies conducted in our laboratory suggest that the porphyria in gulls is due to these PCBs and not to DDE or other organochlorine pesticides. The liver concentrations of uroporphyrin in nestling tree swallows collected in the early 1990s were also significantly correlated with the concentration of PCB 118 in the carcass (38) . PCBs 105 and 118 have also been relatively potent porphyrinogenic agents in laboratory mice (66) .
Functional Immune Response
From 1992 to 1994, immunologic responses were measured in prefledgling herring gull and Caspian tern chicks in colonies distributed across a broad gradient of organochlorine contamination measured in eggs. The phytohemagglutinin (PHA) skin test was used to assess T-lymphocyte function. In both species there was a strong exposureresponse relationship between organochlorines [ΣPCBs, TCDD-toxic equivalents (TEQs), and DDE] and suppressed T-cell-mediated immunity (19) . Suppression was most severe (30-45%) in colonies in Lake Ontario (1992) and Saginaw Bay (1992-1994) for both species, and in western Lake Erie (1992) for gulls. Both species exhibited differences among sites in B-cell-mediated anti-sheep red blood cell antibody titers, but consistent exposureresponse relationships were not observed. In a parallel investigation, thymic atrophy in gull chicks was associated with increasing liver 7-ethoxyresorufin O-deethylase (EROD) activity (67) , suggesting that T-cell-mediated immunity was being altered by aryl hydrocarbon (Ah)-receptor agonists (i.e., PCBs and not DDE). In a study of prefledgling Caspian tern chicks from two colonies in Lake Huron from 1997 to 1999, the response to phytohemagluttinin was 42% lower in chicks from Saginaw Bay than in chicks from the North Channel, and there was a strong negative association between the PHA response and plasma PCBs (30) . Total antibody titers following immunization with sheep red blood cells were higher in chicks in Saginaw Bay than the North Channel, and were positively associated with plasma PCBs and DDE.
A study by the University of Wisconsin in 1984 found that in Sheboygan (an AOC in American waters), infants exposed to high PCB levels in the womb suffered from more colds, earaches, and the flu (68) . A recent Dutch study of 207 healthy mother-infant pairs found that current PCB body burden at 42 months of age was associated with a higher prevalence of recurrent middle-ear infections, and of chicken pox (69) . Few wildlife studies have examined the relationship between the prevalence of particular disease and contaminant exposure. When the data of Ludwig et al. (25) were analyzed, a strong correlation was found between the prevalence of severe eye infections in cormorant chicks in colonies on Lakes Michigan and Huron, 1986-1991, and PCB concentrations in eggs from these colonies (18) . Stranded beluga from the St. Lawrence have had numerous severe and disseminated infections with a variety of rather mildly pathogenic organisms, and a very high prevalence of tumors consistent with immunosuppression and a decrease in T-cell-mediated immunosurveillance for tumors (39) . Similar observations were reported in adult walleye (Stizostedium vitreum) from Green Bay in the mid-1990s (70).
Reproductive Impairment
Among the 25 stranded female beluga examined from the St. Lawrence estuary to 1990, 36% suffered from mastitis of one form or another, two had ovarian tumors, and one had an ovarian cyst (39) . The rate of pregnancy was drastically low, and evidence suggests that this population is not increasing because of low calf production and/or survival to adulthood (71) .
Fish caught in Lakes Michigan and Erie in the early 1960s were implicated in a large number of diet-related reproductive failures in ranch mink (72) . Although there was no adult mortality, the number of mated females that gave birth, the number and viability of the kits at birth, and their survival to weaning were all adversely affected. Subsequent investigations reviewed by Gilbertson (73) revealed that the causative agent was lipophilic and not DDT or dieldrin, but PCBs were strongly implicated. Controlled laboratory studies have shown mink to be very sensitive to the developmental toxicity of specific PCB congeners (73) (74) (75) . Carp caught as recently as 1988 in Saginaw Bay impaired the reproduction and/or kit survival of ranch mink (35) . Concentrations of PCBs in tissues of some wild mink harvested in these areas are equivalent to those measured in ranch mink that experienced reproductive problems (34, 76) . Densities of mink are thought to be abnormally low in shoreline wetlands in the most contaminated areas of the Great Lakes, although insufficient data on productivity and population trends make population monitoring difficult (34, 76) .
In the 1950s and 1960s, the reproduction of shoreline-nesting bald eagles and of doublecrested cormorants nesting in colonies in all of the Great Lakes began to fail. Both species were extripated from Lakes Michigan and Ontario, and their numbers greatly reduced in Lakes Superior and Huron, with remnant populations surviving on Lake Erie (15, 23, 73, 77) . In the mid-1960s, biologists noted marked decreases in nesting success and precipitous population declines in the breeding population of herring gulls at colonies in upper Green Bay and Grand Traverse Bay in Lake Michigan (73) . In all three species the poor reproductive success was associated with DDT/DDEinduced eggshell thinning in excess of 20%, which reduced the ability of the egg to survive the rigors of incubation, and the failure of a large proportion of apparently intact eggs to hatch. The latter was thought to be due to the embryo toxicity of DDT/DDE and, to a lesser extent, dieldrin residues in the egg. In addition, in the herring gull (and probably the bald eagle), there was extensive adult mortality due to the neurotoxicity of these pesticides. Legislative restrictions on the use of DDT in the 1970s have resulted in a reduction in eggshell thinning and a resurgence of the eagle (78) and cormorant (23) populations. With the reduction in eggshell thinning, it became apparent that these and other species of fisheating birds were suffering from what has been called Great Lakes embryo mortality, edema, and deformity syndrome (GLEMEDS) (59), a suite of effects associated with high egg concentrations of PCBs, PCDDs, and PCDFs (60) . GLEMEDS is thought to be equivalent to chick edema disease in PCDD/PCDFexposed poultry (59) . The spectrum of effects seen in embryos and chicks of domestic hens fed a diet containing Saginaw Bay carp collected in 1988 (79) was also similar to that in GLEMEDS.
Developmental Toxicity
The manifestations of developmental toxicity are embryo death, malformation, growth retardation, and functional disorders. These outcomes often increase in frequency and severity as the exposure increases. Hoffman et al. (21) documented pollutant-related developmental problems in common terns and night herons in colonies in Saginaw and Green Bays in the mid-1980s. They found a significant correlation between femur length:body mass ratio (a measure of growth retardation) and the PCB concentration in eggs from the same colony.
Congenital malformations have been observed in chicks of nine species of fish-eating birds nesting on the Great Lakes in the last 30 years (10, 18, 73) . These include three species of terns, two species of gulls, two species of herons, the double-crested cormorant, and bald eagle. The malformations include abnormal bills; supernumerary, dwarf, or otherwise abnormal appendages; missing or small eyes; and club foot and hip dysplasia and other skeletal abnormalities. Abnormal bills are the most frequently encountered abnormality; they have been reported most often at colonies in Saginaw Bay, Green Bay, and Lake Ontario in cormorants and terns. The highest prevalences of bill abnormalities recorded to date are for cormorants in Green Bay (52/10,000 chicks examined, 1979-1987) (24, 27) and bald eagles in Michigan (23/10,000, 1966-1993) (80) . The frequency of malformations is considerably higher in dead eggs than in hatched chicks (25) . In addition to the above abnormalities, embryos were found with missing jaws, missing skull parts, vertebral abnormalities, exencephaly, anencephaly, hydrocephaly and spina bifida, gastroschisis, and as Siamese twins (25) .
In a large study of hatched chicks and live and dead eggs from 37 colonies of cormorants and Caspian terns conducted in the upper Great Lakes from 1986 to 1991, the suite of deformities and abnormalities found (above) was similar to that produced in chickens by exposure to planar PCB and dioxin congeners (25) . TCDD-TEQs measured by the H4IIE rat hepatoma EROD bioassay were highly correlated with deformity rates in chicks and dead eggs (25) . TCDD-TEQ concentrations were more highly correlated with deformity rates than were total PCB concentrations. Summer et al. (79) reported a doseand time-dependent increase in terata in embryos and chicks from hens fed a diet containing Saginaw Bay carp caught in 1988; the types of abnormalities are similar to those seen in Great Lakes fish-eating birds.
Developmental abnormalities have also been detected in Great Lakes snapping turtles (31, 33) . The suite of deformities observed is remarkably similar to that seen in birds, with the addition of curled, bent, twisted, or missing tails (most common abnormality), and abnormalities of the carapace and plastron. Among eggs collected and artificially incubated from wetland sites on Lakes Ontario and Erie, the St. Lawrence River, and a remote reference site in Algonquin Park, 1986-1991, those collected from sites on Lake Ontario had the highest probability of not hatching and of producing deformed turtles. The eggs from Lake Ontario contained elevated concentrations of PCDDs, PCDFs, and PCBs. Some of the PCDDs and PCDFs were significantly correlated with the occurrences of deformities and unhatched eggs (33) . These observations suggest that the deaths and deformities in both developing fish-eating birds and snapping turtles in the Great Lakes in the 1980s and 1990s are caused by compounds that express their effects through a common mechanism of action-activation of the Ah receptor.
High rates of skeletal limb defects were found in mudpuppies (Necturus maculosus) collected in the early 1990s from the most contaminated sites on a gradient of contamination in the St. Lawrence River (81) . The mudpuppy is a bottom-dwelling aquatic salamander, and these observations suggest that pollutants may interfere with the development or regeneration of limbs in this species (81) . One of 45 stranded beluga in the St. Lawrence estuary examined between 1983 and 1990 was a true hermaphodite (82) .
In the 1970s, the operational sex ratios of adult western gulls (L. occidentalis) in colonies on the Channel Islands off the coast of southern California, herring gulls in Lakes Ontario and Michigan, and Caspian terns in Lake Michigan were skewed toward females based on the occurrence of supernormal clutches, which are usually the product of femalefemale pairs (83) (84) (85) . This was a post-1950s phenomenon, coincident both spatially and temporally with high DDT/DDE contamination. In mammals, p,p´-DDE, the abundant ubiquitous stable metabolite of DDT, is an antiandrogen, whereas o,p-DDT, a minor and less-persistent component, is estrogenic (86) . Coincidentally, the sex ratio of bloaters (Coregonus hoyi ) harvested by commercial fishermen from Lake Michigan was 97% female in 1967 and decreased to 50% by the late 1980s. The degree of skew was linearly related to tissue p,p´-DDE content (87) . The relative role of differential mortality and developmental feminization/demasculinization in the creation of the female-biased sex ratio in the fish-eating birds may never be determined.
Feminization of the reproductive tracts of a small sample of pipping herring gull embryos and newly hatched chicks was found in Lake Ontario in the 1970s (83) . Abnormalities in gonadal histology have also been found in gull chicks in the late 1990s (88) . Measurements of a sexually dimorphic character [ratio of precloacal length to the posterior lobe of the plastron (PPR)] of adult snapping turtles at two Environmental Health Perspectives • VOLUME 109 | SUPPLEMENT 6 | December 2001 reference sites and three sites on Lakes Ontario and Erie, 1986-1995, revealed decreases in the PPR (feminization) in male turtles from the Great Lakes sites (89) . At one Lake Ontario site, the magnitude of this response was such that the PPRs of a significant proportion of the males overlapped with females. The PPR may be analogous to the anogenital distance in rodents, a measure that is very sensitive to the effects of in utero exposure to estrogens and antiandrogens (86) .
Tumor Incidence and Genotoxicity
The Health Canada reports reveal higher incidence rates in some AOCs for several cancers that have been partly attributed to exposure to pollutants (7) . Neoplasms or tumors are infrequent findings in free-ranging wild birds (90) . Neoplasms were found in only 9 (0.05%) of approximately 18,000 wild birds on which diagnostic postmortem examinations were conducted at the U.S. National Wildlife Health Center (NWHC), 1975-1981 (91) . All were in game birds, and most were potentially of genetic or viral etiology. Only 1 of 2,000 bald eagles processed by the NWHC had a tumor (92) . However, in 2 of 112 livers of adult herring gulls collected in 11 Great Lakes colonies in 1991, there were foci of cellular atypia, in which there were increased variations in cell and nuclear size and presence of binucleate cells of potential preneoplastic significance (93) . Neoplastic, adenomoid follicular nodules were found in 3 of 120 thyroids of adult herring gulls from 11 Great Lakes colonies in 1991 (94) .
Between 1983 and 1994, scientists examined 73 of 175 carcasses of beluga reported stranded on the shorelines of the St. Lawrence estuary. Of these 73 carcasses, 14 (19%) were affected by 15 different malignant tumors (41) . Forty percent of the 35 cancer cases reported worldwide in cetaceans occurred in this population. Not only does this whale population appear to have a high prevalence of cancer, but this is particularly marked with regard to adenocarcinomas of the gastrointestinal tract (41) . St. Lawrence beluga visit and feed in the Saguenay River, where sediments contain high concentrations of PAHs. Belugas are known to feed on bottom invertebrates and dig in bottom sediments where they could ingest these carcinogenic compounds. Benzo[a]pyrene DNA adducts were detected, at concentrations that approached those associated with carcinogenesis in small laboratory mammals, in brain and/or liver tissue of 11 of 12 St. Lawrence belugas (14-29 years of age) but not in the brains or livers of four individuals from the Arctic (40) . Analyses of DNA fingerprints from a nonrandom sample of St. Lawrence belugas using minisatellite probes indicate a reduced level of genetic variation compared to beluga from the Beaufort Sea (95) . Higher levels of mean allele frequency in the St. Lawrence population suggest that it is composed of related individuals. The observed differences are consistent with the hypothesis that the lack of recovery of the St. Lawrence population is in part due to reduced genetic variability.
Brown bullheads (Ameiurus nebulosus), a bottom-dwelling fish, were sampled in five AOCs in the lower Great Lakes (Hamilton Harbour, Detroit River, Ashtabula River, Cuyahoa River, and Black River) and four nearby, relatively pristine reference sites in 1988-1991, and their hepatic mitochondrial DNA diversity was assessed (96) . Mitochondrial DNA is matriarchially inherited. A consistent reduction in haplotype diversity was observed at contaminated sites relative to their nearby reference sites, strongly suggesting that a mechanism such as natural selection, or stochastic events such as population bottlenecks, have reduced genetic variation at all contaminated sites. Tumor frequencies were high (15-55%) in bullheads from the AOCs but were low in the reference sites. In bottom-dwelling fish, liver cancer and lip papillomas are strongly associated with chemical contamination of sediments (97, 98) . Detailed long-term studies by Baumann and colleagues (99-101) of bullheads in the Black River and its reference site, Old Woman Creek, have shown that prior to 1983, these fish were subjected to an ageselective mortality associated with high prevalences of liver carcinoma. The prevalence of hepatocellular carcinoma was significantly higher in females than males (99) . Bullheads in the Black River were subjected to a direct or indirect mortality from hepatic cancer that increased with age and eliminated fish older than 5 years of age from the population. Decreased steel production, followed by closing of the USX coking facility on the Black River in 1983, resulted in a decline in PAH concentrations in the sediments from approximately 1,100 µg/g in 1980 to 4 µg/g in 1987, and a similar decline was seen in bullhead tissues (101) . Coincidentally, the incidence of liver cancer declined by 75%; the percentage of 5-year-old fish tripled between 1982 and 1987-1990, and older fish were first found in 1987 (100,101). These observations suggest that the high liver tumor frequency seen in the Black River bullheads was the result of this PAH exposure, and that most fish died by 5 years of age of liver cancer. It is highly probable that this mortality, particularly of females, was a significant contributor to the population bottleneck that reduced genetic diversity in this population.
Between 1992 and 1997, herring gull chicks from colonies located near steel mills with coking ovens (Hamilton, Detroit, Sault Ste. Marie, East Chicago) inherited statistically significantly more minisatellite mutations that those in colonies from three rural locations in the basin (102) . Furthermore, there was a statistically significant correlation between the number of mutations induced and the distance of the colony from the coking ovens. The mutation rate in colonies at urban sites without steel mills (Toronto and Port Colborne) fell midway between the rate in colonies near steel mills and the rural sites. The significance of these germline mutations is not known. However, when fathead minnows (Pimephales promelas) were chronically exposed to water containing a nominal concentration of 1.0 µg/kg for 4 months, there was markedly reduced survival of young, two generations removed from the exposure, and an overall reduction of 84% in the reproductive capacity of the F 1 generation (103) . This multigeneration effect is most likely the result of a germline mutation.
Behavior and Neurobehavioral Development
Ranch mink that were fed a high proportion of Saginaw Bay carp (equivalent to 2.5 µg/g ΣPCBs) in their diet were listless, nervous when approached, and became anorectic and hyperactive to light and sound (35) . Females appeared to have a lack of interest in their kits. At birth, the smaller kits from dams fed diets containing carp were observed to be weak, listless, and less responsive when handled. These behavioral changes are similar to those reported for infants of mothers eating Great Lakes fish (104, 105) and rats fed Lake Ontario salmon (106) . No assessments of chick behavior have been made in any fisheating bird. However, the brains of cormorant hatchlings from eastern Lake Ontario in 1991 and deformed eaglets from Michigan and Wisconsin shorelines in 1993 exhibited gross asymmetry associated with TCDD and PCB exposure during embryonic development (107, 108) .
Altered parental behavior was observed in Lake Ontario herring gulls in the mid-1970s (109) and in Forster's terns in Green Bay in 1983 (60) . Similar abnormalities in parental behavior were observed in ring doves (Streptopelia risoria) fed an organochlorine mixture (110).
Discussion
One or more sentinel wildlife species in the Great Lakes-St. Lawrence basin are currently or have been afflicted with thyroid and other endocrine disorders, metabolic diseases, altered immune function, reproductive impairment and developmental toxicity, genotoxicity, and cancer. In general, these health effects occurred most often and were most severe in the most contaminated sites (Green Bay, Saginaw Bay, Lake Ontario, the St. Lawrence estuary, and, more recently, Lake Erie), some of which are AOCs. In all cases, a strong argument can be made for an environmental etiology, and in many cases for the involvement of persistent organic pollutants, particularly PCBs, PCDDs and PAHs. For some, the association with particular contaminants is consistent with controlled studies, and in some, dose-response relationships were documented. Similar health effects have been observed in two species of pelagic fish in the mid-1990s from two AOCs highly contaminated with PCBs. Walleye from Green Bay had a significantly elevated prevalence of hepatic foci of cellular atypia and neoplasms, with higher prevalences in females than males, and suggestions of altered immunocompetance and intermediary metabolism (70) . White suckers (Catastomus commersoni) from the Sheboygan River had high prevalences of developing nephrons in their kidneys (a compensatory response to nephrotoxicity) as well as hepatic foci of cellular atypia and neoplasms (11a). Although there are some similarities between wildlife health and community health in some of the AOCs, a large amount of work is still required to link the human health outcomes to pollutants and with measures of health in wildlife sentinels.
The biologic significance of the health effects currently seen in one or more species of Great Lakes wildlife is unclear. Research is needed to establish a linkage between the effects observed on biochemical and functional measures in an individual, and alterations in its growth, survival, and reproduction. There is evidence to suggest that eagles nesting on Michigan shorelines and Caspian terns nesting on Saginaw Bay and Green Bay were/are sink populations (29, 112) . There is little doubt that the recovery of the St. Lawrence estuary beluga population is influenced by contaminants, and it is probable that mink inhabiting the shorelines of the lower Great Lakes suffer from PCB-induced reproductive toxicity. Based on published investigations of belugas (95) and bullheads (96) , it is quite likely that contaminants have effected the genetic diversity of other species, the consequences of which may become apparent in the future.
The association of genotoxicity or neoplasia with coking facilities and/or other sources of PAHs in bottom-dwelling fish, beluga, and herring gulls is striking and deserves investigating in the human populations of the Great Lakes basin downwind from such facilities (40, 41, (100) (101) (102) . Similarly, the observations of behavioral deficits and abnormalities in rats fed Lake Ontario salmon (106) and in children whose mothers ate Lake Ontario salmon (105) and Lake Michigan fish (104) suggest that such effects are likely in wild piscivores residing in Green Bay, Saginaw Bay, Lake Ontario, and Lake Erie. However, they go undetected because of a lack of suitable tools for their detection and are likely to be manifest in decreased survival and reproductive fitness (29, 35, 108, 109) .
The use of free-living bald eagles, herring gulls, night herons, tree swallows, snapping turtles, mink, and beluga as sentinels over the past 30 years has revealed a broad spectrum of health effects in the Great LakesSt. Lawrence basin. The variation in mobility, duration of residence, and diet of wildlife residing or feeding in AOCs is analogous to that of human communities within and around AOCs (113) . Both wildlife and humans are exposed through multiple media (112, 114) . There is a need to develop additional assays, particularly those that measure specific functions, as well as indicators of free-radical-mediated damage, neoplasia, and energetic efficiency, and to incorporate them into our diagnostic panel for these sentinel species. According to the National Academy of Science's Committee on Animals as Monitors of Environmental Hazards, a true animal sentinel system is a system in which data on animals exposed to contaminants in the environment are regularly and systematically collected and analyzed to identify potential health hazards to other animals or humans (114) . All of the information on wildlife health in the Great Lakes reported here was gathered as a result of academic research or research-based monitoring. Most was short-term, localized, and not systematic, and as such, incapable of providing an accurate or comprehensive picture. Although there are adequate long-term monitoring programs to document gross trends in concentrations of pollutants in the Great Lakes environment, there is no formal existing program in either Canada or the United States for gathering long-term evidence for determining trends in the incidence and severity of the effects of persistent toxic substances in wildlife (115) . Formalizing health effects monitoring of one or more sentinel wildlife species by the parties to the Canada-U.S. Great Lakes Water Quality Agreement (6) would facilitate the optimal use of wildlife health data in a larger, epidemiologic weight-of-evidence context upon which to base decisions and policies regarding the effects of chemical exposures on human populations (112, 116) . Time is of the essence.
